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(57) ABSTRACT 
Disclosed herein are embodiments of a rotate-and-slant pro 
jector that takes advantage of symmetries in the geometry to 
compute truly volumetric projections to multiple oblique 
sinograms in a computationally e?icient manner. It is based 
upon the 2D rotation-based projector using the fast three-pass 
method of shears, and it conserves the 2D rotator computa 
tions for multiple projections to each oblique sinogram set. 
The projector is equally applicable to both conventional 
evenly-spaced projections and unevenly-spaced line-of-re 
sponse (LOR) data (Where the arc correction is modeled 
Within the projector). The LOR-based version models the 
exact location of the direct and oblique LORs, and provides 
an ordinary Poisson reconstruction framework. Speed opti 
mizations of various embodiments of the projector include 
advantageously utilizing data symmetries such as the vertical 
symmetry of the oblique projection process, a coarse-depth 
compression, and array indexing schemes Which maximize 
serial memory access. 
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ROTATE AND SLANT PROJECTOR FOR 
FAST FULLY-3D ITERATIVE TOMOGRAPHIC 

RECONSTRUCTION 
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BACKGROUND 

The present invention relates to the art of diagnostic imag 
ing. In particular, it relates to positron emission tomography 
(PET) and other diagnostic modes in which a subject is exam 
ined and an image of the subject is reconstructed from infor 
mation obtained during the examination. 

Previously, PET has been used to study a radionuclide 
distribution in subjects. Typically, one or more radiopharma 
ceuticals are injected into a subject. The radiopharmaceuti 
cals are commonly injected into the subject’s blood stream 
for imaging the circulatory system or for imaging speci?c 
organs which absorb the injected radiopharmaceuticals. 
Detector elements are placed proximate to a surface of the 
subject to monitor and record emitted radiation. In some 
instances, the detector elements may be rotated or indexed 
around the subject to monitor the emitted radiation from a 
plurality of directions, while in other instances a plurality of 
detector elements can be placed in ?xed locations adjacent to 
the subject or a portion of the subject. For instance, detector 
elements may be formed into rings and the rings placed sub 
stantially adjacent to one another to form a cylindrical scan 
ner whereby a subject is axially inserted at least partially into 
the cylinder of detector elements. These are generally known 
as ring-type scanners. The monitored radiation data from the 
multiplicity of directions is reconstructed into a three dimen 
sional image representation of the radiopharmaceutical dis 
tribution within the subject. 

Iterative statistical reconstruction techniques in PET pro 
vide a robust framework for accounting for the statistical 
quality of the measured data, modeling the image acquisition 
process, and incorporating prior knowledge (if any) about the 
reconstruction solution. While iterative reconstruction has 
generally become the standard for PET, complete utilization 
of such methods has been limited due to large computational 
demands. This is especially true for fully-3D PET, where both 
direct and oblique coincidence lines are measured to produce 
highly sensitive, but very large datasets. A variety of 
approaches have been proposed for iterative reconstruction of 
fully-3D PET data. The most direct, and potentially highest 
quality, implementation requires raw data be operated upon 
directly by a reconstruction algorithm, thereby making full 
use of Poisson-based statistical models and avoiding any 
unnecessary degradation or blurring accompanying data pre 
processing steps (e.g. arc-correction). However, these imple 
mentations tend to be the most computationally demanding as 
well. At the other end of the spectrum, pre-processing meth 
ods, such as rebinning fully-3D data into a set of 2D sino 
grams followed by 2D iterative reconstruction, can be used to 
greatly speed the reconstruction; however, such methods tend 
to spoil the Poisson statistics of the data and/ or introduce 
undesired blurring or other degradations. 

Therefore, what is needed is a means to overcome chal 
lenges found in the art, some of which are described above. 

SUMMARY 

Described herein are embodiments of a projector (and 
backprojector) for iterative fully-3D PET reconstruction that 
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2 
offers full utilization of iterative statistical reconstruction 
algorithms, has low computational cost, and is amenable to 
modeling the physics and spatially-variant resolution effects 
of the PET acquisition. The projector (and backproj ector) can 
map to either regularly-spaced (“arc corrected”) projections 
or directly from the image to the raw coincidence line-of 
response (LOR) measurement space (and vice versa), such 
that the projection operation explicitly models the non-uni 
form spacing of the coincidence lines acquired by modern 
PET tomographs. 
One aspect according to the present invention is a projector 

for iterative fully-3D reconstruction of an image by positron 
emission tomography (PET) using a scanner comprised of a 
plurality of detector elements. The projector comprises a 
volume image memory containing a resultant image volume 
that is initially estimated and stored in an image matrix. 
Further comprising the projector is a projection matrix. The 
projection matrix is comprised of planes of projection data 
collected at each of a plurality of data collection directions. 
The data collection directions include azimuthal angles of 
projection rays or lines-of-response that are perpendicular to 
the axis of symmetry of the scanner between detector ele 
ments in a same transaxial plane of the scanner and axial 
angles of oblique projection rays or lines of response between 
detector elements in different transaxial planes of the scanner. 
The projector also includes a rotator that re-samples the 
resultant image volume from the volume image memory by 
rotating the image matrix to a given azimuthal angle of the 
projection matrix and slanting the columns of the image 
matrix to each of the axial angles of oblique projection rays or 
lines-of-response at that given azimuthal angle such that col 
umns of the image matrix align with each of the plurality of 
data collection directions of the projection matrix. The rotator 
applies a coarse-depth compression factor to the image 
matrix such that rows of the image matrix are collapsed onto 
one another in accordance with the coarse-depth compression 
factor so depth information of the rotated image matrix is 
compressed and the image is projected by summing the com 
pressed columns of the image matrix. 

Another aspect according to the present invention is a 
projector for iterative fully-3D reconstruction of an image by 
positron emission tomography (PET) using a scanner com 
prised of a plurality of detector elements. The projector com 
prises a volume image memory containing a resultant image 
volume that is initially estimated and stored in an image 
matrix. Further comprising the projector is a projection 
matrix. The projection matrix is comprised of planes of pro 
jection data collected at each of a plurality of data collection 
directions. The data collection directions include azimuthal 
angles of projection rays or lines-of-response that are perpen 
dicular to the axis of symmetry of the scanner between detec 
tor elements in a same transaxial plane of the scanner and 
axial angles of oblique projection rays or lines of response 
between detector elements in different transaxial planes of the 
scanner. The projector also includes a rotator that re-samples 
the resultant image volume from the volume image memory 
by rotating the image matrix to a given azimuthal angle of the 
projection matrix and slanting the columns of the image 
matrix to each of the axial angles of oblique projection rays or 
lines-of-response at that given azimuthal angle such that col 
umns of the image matrix align with each of the plurality of 
data collection directions of the projection matrix. The image 
rotation and slanting is performed using volume-of-overlap 
between 3D volumes of image matrix voxels and a 3D volume 
of said projection rays or lines-of-response and the oblique 
projections rays or lines-of-response, such that projection by 



US 7,970,214 B2 
3 

summing the columns of the image matrix integrates the 3D 
volume contained Within said volume-of-overlap. 

Another aspect according to an embodiment of the present 
invention is a projector for iterative fully-3D reconstruction 
of an image by positron emission tomography (PET) using a 
scanner comprised of a plurality of detector elements. The 
projector comprises a volume image memory containing a 
resultant image volume that is initially estimated and stored in 
an image matrix. Further comprising the projector is a pro 
jection matrix. The projection matrix is comprised of planes 
of projection data collected at each of a plurality of data 
collection directions. The data collection directions include 
azimuthal angles of proj ection rays or lines-of-response that 
are perpendicular to the axis of symmetry of the scanner 
betWeen detector elements in a same transaxial plane of the 
scanner and axial angles of oblique projection rays or lines of 
response betWeen detector elements in different transaxial 
planes of the scanner. The projector also includes a rotator 
that re-samples the resultant image volume from the volume 
image memory by rotating the image matrix to a given azi 
muthal angle of the projection matrix and slanting the col 
umns of the image matrix to each of the axial angles of 
oblique projection rays or lines-of-response at that given azi 
muthal angle such that columns of the image matrix align 
With each of the plurality of data collection directions of the 
projection matrix. The rotator applies a coarse-depth com 
pression factor to the image matrix such that roWs of the 
image matrix are collapsed onto one another in accordance 
With the coarse-depth compression factor so depth informa 
tion of the rotated image matrix is compressed. Furthermore, 
image matrix rotation and slanting is performed using vol 
ume-of-overlap betWeen 3D volumes of image matrix voxels 
and a 3D volume of said projection rays or lines-of-response 
and the oblique projection rays and lines-of-response, such 
that projection by summing the columns of the image matrix 
integrates the 3D volume contained Within the volume-of 
overlap. 

Yet another aspect of an embodiment according to the 
present invention is a method of iterative fully-3D reconstruc 
tion of an image by positron emission tomography (PET) by 
a scanner having a plurality of detector elements. The method 
comprises estimating a resultant image volume and storing 
the image volume in an image matrix. The image matrix is 
rotated into alignment With an azimuthal angle of a projection 
ray or line-of-response betWeen detector elements in a same 
transaxial plane of the scanner. The projection ray or line-of 
response is perpendicular to an axis of symmetry of the scan 
ner. The image volume is re-sampled at the azimuthal angle 
by slanting the image matrix to each axial angle of oblique 
projection rays or lines of response at that azimuthal angle. 
The oblique projection ray or line-of-response is betWeen 
detector elements in different transaxial planes of the scanner 
such that columns of the image matrix align With a plurality of 
data collection directions. A coarse-depth compression factor 
is applied to the image matrix such that roWs of the image 
matrix are collapsed onto one another in accordance With the 
coarse-depth compression factor so depth information of the 
rotated image matrix is compressed. The image is projected 
by summing the compressed columns of the image matrix. 

Another aspect of an embodiment according to the present 
invention is a method of iterative fully-3D reconstruction of 
an image by positron emission tomography (PET) by a scan 
ner having a plurality of detector elements. The method com 
prises estimating a resultant image volume and storing the 
image volume in an image matrix. The image matrix is rotated 
into alignment With an azimuthal angle of a projection ray or 
line-of-response betWeen detector elements in a same tran 
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4 
saxial plane of the scanner. The projection ray or line-of 
response is perpendicular to an axis of symmetry of the scan 
ner. The image volume is re-sampled at the azimuthal angle 
by slanting the image matrix to each axial angle of oblique 
projection rays or lines of response at that azimuthal angle. 
The oblique projection ray or line-of-response is betWeen 
detector elements in different transaxial planes of the scanner 
such that columns of the image matrix align With a plurality of 
data collection directions. The image is projected by sum 
ming the columns of the image matrix by integrating a 3D 
volume contained Within a volume-of-overlap. The image 
matrix rotation and slanting is performed using the volume 
of-overlap betWeen 3D volumes of image matrix voxels and a 
3D volume of the projection rays or lines-of-response and the 
oblique projection rays or lines-of-response. 

Another aspect of an embodiment according to the present 
invention is a method of iterative fully-3D reconstruction of 
an image by positron emission tomography (PET) by a scan 
ner having a plurality of detector elements. The method com 
prises estimating a resultant image volume and storing the 
image volume in an image matrix. The image matrix is rotated 
into alignment With an azimuthal angle of a projection ray or 
line-of-response betWeen detector elements in a same tran 
saxial plane of the scanner. The projection ray or line-of 
response is perpendicular to an axis of symmetry of the scan 
ner. The image volume is re-sampled at the azimuthal angle 
by slanting the image matrix to each axial angle of oblique 
projection rays or lines of response at that azimuthal angle. 
The oblique projection ray or line-of-response is betWeen 
detector elements in different transaxial planes of the scanner 
such that columns of the image matrix align With a plurality of 
data collection directions.A coarse-depth compression factor 
is applied to the image matrix such that roWs of the image 
matrix are collapsed onto one another in accordance With the 
coarse-depth compression factor so depth information of the 
rotated image matrix is compressed. The image is projected 
by summing the columns of the compressed image matrix by 
integrating a 3D volume contained Within a volume-of-over 
lap. The image matrix rotation and slanting is performed 
using the volume-of-overlap betWeen 3D volumes of image 
matrix voxels and a 3D volume of the projection rays or 
lines-of-response and the oblique projection rays or lines-of 
response. 

Yet another aspect according to an embodiment of the 
present invention is a positron emission tomography (PET) 
scanner. The PET scanner is comprised of a plurality of detec 
tor elements and a rotate and slant projector. The rotate and 
slant proj ector is comprised of a projection matrix, an image 
matrix and a rotator. The rotator re-samples a resultant image 
volume from a volume image memory by rotating the image 
matrix to a given azimuthal angle of the projection matrix and 
slanting columns of the image matrix to each axial angle of 
oblique projection rays or lines-of-response at that given azi 
muthal angle such that columns of the image matrix align 
With each of the plurality of data collection directions of the 
projection matrix. The rotator applies a coarse-depth com 
pression factor to the image matrix such that roWs of the 
image matrix are collapsed onto one another in accordance 
With the coarse-depth compression factor so depth informa 
tion of the rotated image matrix is compressed and the image 
is projected by summing the compressed columns of the 
image matrix. 

Another aspect according to an embodiment of the present 
invention is a positron emission tomography (PET) scanner. 
The PET scanner is comprised of a plurality of detector ele 
ments and a rotate and slant projector. The rotate and slant 
projector is comprised of a projection matrix, an image matrix 
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and a rotator. The rotator re- samples a resultant image volume 
from a volume image memory by rotating the image matrix to 
a given azimuthal angle of the projection matrix and slanting 
columns of the image matrix to each axial angle of oblique 
projection rays or lines-of-response at that given azimuthal 
angle such that columns of the image matrix align With each 
of the plurality of data collection directions of the projection 
matrix. The rotator performs image matrix rotation and slant 
ing using volume-of-overlap betWeen 3D volumes of image 
matrix voxels and a 3D volume of the projection rays or 
lines-of-response and the oblique projection rays or lines-of 
response, such that projection by summing columns of the 
image matrix integrates the 3D volume contained Within the 
volume-of-overlap. 

Another aspect according to an embodiment of the present 
invention is a positron emission tomography (PET) scanner. 
The PET scanner is comprised of a plurality of detector ele 
ments and a rotate and slant projector. The rotate and slant 
projector is comprised of a projection matrix, an image matrix 
and a rotator. The rotator re- samples a resultant image volume 
from a volume image memory by rotating the image matrix to 
a given aZimuthal angle of the projection matrix and slanting 
columns of the image matrix to each axial angle of oblique 
projection rays or lines-of-response at that given aZimuthal 
angle such that columns of the image matrix align With each 
of the plurality of data collection directions of the projection 
matrix. The rotator applies a coarse-depth compression factor 
to said image matrix such that roWs of the image matrix are 
collapsed onto one another in accordance With the coarse 
depth compression factor so depth information of the rotated 
image matrix is compressed. Image matrix rotation and slant 
ing is performed by the rotator using volume-of-overlap 
betWeen 3D volumes of image matrix voxels and a 3D volume 
of said projection rays or lines-of-response and the oblique 
projection rays and lines-of-response, such that projection by 
summing the columns of the image matrix integrates the 3D 
volume contained Within the volume-of-overlap. 

Additional advantages of the invention Will be set forth in 
part in the description Which folloWs or may be learned by 
practice of the invention. The advantages of the invention Will 
be realiZed and attained by means of the elements and com 
binations particularly pointed out in the appended claims. It is 
to be understood that both the foregoing general description 
and the folloWing detailed description are exemplary and 
explanatory only and are not restrictive of the invention, as 
claimed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying draWings, Which are not to scale and 
are incorporated in and constitute a part of this speci?cation, 
illustrate embodiments according to the invention and 
together With the description, serve to explain the principles 
of the invention: 

FIG. 1a is an illustration of an embodiment of a computing 
device that can be used to practice aspects of the present 
invention; 

FIG. 1b is an alternative embodiment of a processing sys 
tem that may be used to practice aspects of the present inven 
tion; 

FIG. 10 is an elementary exemplary representation of an 
embodiment of a projector according to the present invention; 

FIG. 1d is a more-detailed exemplary representation of an 
embodiment of a projector according to the present invention; 

FIG. 2 illustrates an exemplary geometric arrangement of 
detector elements of a scanner that may be used to practice the 
present invention; 
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6 
FIG. 3 illustrates an exemplary process of a three-pass 

method of shears, Which breaks doWn the 2D rotation process 
into a series of three computationally e?icient lD shears; 

FIG. 4 illustrates three steps of a rotate and slant projector 
according to embodiments of the present invention; 

FIG. 5 is an exemplary illustration shoWing the volumetric 
nature of LORs or projection rays; 

FIGS. 6a and 6b are exemplary illustrations of the effect of 
using coarse-depth compression factors upon projection time 
(FIG. 6a) and object resolution in the axial direction (FIG. 
6b); 

FIG. 7 shoWs example images of the Deluxe JasZcZak 
Phantom, qualitatively demonstrating the image quality that 
can be obtained With an embodiment of the projector 
described herein and 3D LOR-OSEM; 

FIGS. 8a and 8b shoW the full projection and iterative 
reconstruction times as a function of the number of oblique 
datasets included according to an example of an embodiment 
of the present invention; 

FIG. 9 shoWs hoW the projection time for the rotate-and 
slant projector increases as a function of transaxial (trans 
verse plane) image matrix siZe according to an example of an 
embodiment of the present invention; 

FIGS. 10a-10d illustrate results of a quantitative analysis 
of image quality for an embodiment according to the present 
invention Where three image quality measures Were studied 
for the Deluxe JasZcZak phantom; and 

FIG. 11 is a How chart illustrating an exemplary process for 
iterative fully-3D reconstruction of an image by positron 
emission tomography (PET) by a scanner having a plurality 
of detector elements. 

DETAILED DESCRIPTION 

Before the present methods and systems are disclosed and 
described, it is to be understood that this invention is not 
limited to speci?c synthetic methods, speci?c components, or 
to particular compositions, as such may, of course, vary. It is 
also to be understood that the terminology used herein is for 
the purpose of describing particular embodiments only and is 
not intended to be limiting. 
As used in the speci?cation and the appended claims, the 

singular forms “a,” “an” and “the” include plural referents 
unless the context clearly dictates otherWise. Ranges may be 
expressed herein as from “about” one particular value, and/or 
to “about” another particular value. When such a range is 
expressed, another embodiment includes from the one par 
ticular value and/or to the other particular value. Similarly, 
When values are expressed as approximations, by use of the 
antecedent “about,” it Will be understood that the particular 
value forms another embodiment. It Will be further under 
stood that the endpoints of each of the ranges are signi?cant 
both in relation to the other endpoint, and independently of 
the other endpoint. 

“Optional” or “optionally” means that the subsequently 
described event or circumstance may or may not occur, and 
that the description includes instances Where said event or 
circumstance occurs and instances Where it does not. 
The present invention may be understood more readily by 

reference to the folloWing detailed description of preferred 
embodiments according to the invention and the Examples 
included therein and to the Figures and their previous and 
folloWing description. 
As Will be appreciated by one skilled in the art, the pre 

ferred embodiment may be implemented as a method, a data 
processing system, or a computer program product. Accord 
ingly, the preferred embodiment may take the form of an 
















